Auto-ionizing states of neutral and singly ionized neon were produced by bombarding neon gas with H+, He+, and Ne+ ions in the 150-250-keV energy range. Sixty lines in the electron spectrum were found, of which 43 have been classified into 13 Rydberg series. Ten of these series were previously unreported. Auger electrons from one-and two-vacancy states are also reported. Relative intensities of all transitions are listed. Auto-ionizing states of neutral and singly ionized neon were produced by bombarding neon gas with Hf, He+, and Ne+ ions in the 150-250-keV energy range. Sixty linesin the electron spectrum were found, of which 43 have been classified into 13 Rydberg series. Ten of these series were previously unreported. Auger electrons from one-and two-vacancy states are also reported. Relative intensities of all transitions are listed.
I. INTRODUCTION s~ectrum of neon gas. Their observations were limited to E XCITED states of neon with energies above the first ionization potential have been studied only in relatively recent times. Simpson et a1.l excited several levels by electron impact and identified some of the states observed in their energy-loss spectrum. Rudd and Lang2 observed the electron-energy spectrum from ion impact on neon and found a prominent line spectrum superimposed on a background continuum. The lines were identified with certain transitions from innershell excited states to neighboring continua. A similar method was used by Barker and Berry3 with much lower ion-beam energies. KGrber and Mehlhorn4 used a relatively high-energy electron beam to excite innershell vacancy states which they observe as peaks in the energy spectrum of emitted electrons. A new and extensive list of highly excited states in neon has recently been published by Codling et uZ.,~ who states which could be reached from the ground state by optical transitions. The present experiment, following the method of Rudd and Lang,2 allows the observation of transitions which are optically forbidden. With better electronenergy resolution and greater intensities than the earlier e~periment,~ it was possible to detect many more states. As a result of this additional data it was necessary to reassign some lines to different series than previously given. In addition we report a number of auto-ionizing states of singly ionized neon not previously observed and some inner-shell vacancy states which have been observed by another m e t h~d .~ A comparison is made of the relative effectiveness of electrons and protons in producing single-and double-vacancy states.
EXPERIMENTAL APPARATUS AND PROCEDURE
A magnetically analyzed ion beam entered a differentially pumped collision chamber containing the neon target gas at pressures of 2-7 1. Electrons emitted by the target gas were observed at 160' from the beam direction, energy analyzed by a parallel-plate electrostatic analyzer, and detected by a 14-stage Dumont electron multiplier. The counting rate normalized to incident beam current was plotted on an X-Y recorder against electron energy. The apparatus is described in more detail el~ewhere.~ The energy of the 11-40 eV portion of the spectrum was calibrated using the transition from the 2s2p63p('P) state, the energy of which is given by Codling et aL6
The observed transition energies were assigned to Rydberg series given by where E is the energy of the ejected electron, Em is the energy of the series limit, Z is the charge of the finalstate configuration, n is the principal quantum number, and p is the quantum defect. The values of Em were calculated from energy levels tabulated by Moore.' The line intensities in the electron spectrum were also used in identifying the series. In nearly every case these were greatest for n = 3 and decreased with increasing n. The actual energy of the state configuration is found by adding the ejected energy of the electrons (the measured peak energy) to the energy of the neon ion formed after auto-ionization. These latter energies were obtained from Ref.
.
For the series formed by inner-shell excitations the quantum defect of neon was compared to the quantum defect of the sodium-atom configuration which resembled the excited neon state. The differences in the quantum defects of neon and sodium for the 2s2p6nl and the 2s2p5('P)nl series was less than 0.1. The same comparison cannot be made for the auto-ionizing states formed from two-electron excitations since these have two electrons in the outer shell.
The selection rules for an auto-ionizing transition from an initial excited state to a final continuum state are AL= AS=AJ= &=0. Codling et U Z .~ noted that LS coupling held for almost all of the auto-ionizing states of neon which they observed, so the restrictions on L and S were used. The ground state of Ne I is a singlet state, so excited states of Ne I produced by H+ impact should also be singlet states since triplet states can only be formed by an electron-exchange process. Likewise, the excited states of Ne 11 produced by H+ impact will be doublet^.^ Figure 1 is a composite drawing of the electron spectra produced by 150-keV H+, 150-keV He+, and 250-keV Ne+ impacts. I t was found that the He+ beam formed strong 3S and 3P series of Ne I; in particular, the 2~2 p~n s (~S ) and 2~2 p~n p (~P ) series. The singlet states of these series were formed by the H+ beam. An attempt was made to separate the singlet and triplet components of the n = 3 members by increasing the resolution. This was done by decelerating the electrons to 2 eV before analyzing. The results are shown in Fig. 2 . Only a very small peak at 22.07 eV is present on the side of the 3s line while the 3p line has been split into three components, with 0.1-eIi spacing. Noting that the 2~~ (~P 3 / 2 , 1 , 2 ) colnponents of the ground state are 0.1 eV apart (21.56 and 21.66 eV), the three peaks could be explained as follows. The first peak is due to the transition from the 3P to the 2Yliz final state, the second peak is due to two transitions, 3P to 2PEI2 and lP to 2P1,2, while the third peak is the IP to 2Pai2 transition.
111, EXPERIMENTAL RESULTS
The transitions in the 10-18-eV range were identified on the basis of (a) their quantum defects, and (b) whether they appeared using the H+ beam or only with the beams of He+ and Nef which can exchange an electron with the target. The quantum defects are approximately unity for ~z s series and 0.7 for np series. The positions and intensities of all observed lines are listed in Table I along with the quantum defects and identifications were known. Of the 13 Rydberg series listed, 3 have been observed ~ptically.~ I n addition to excitations involving the L shell of neon, K-shell vacancies and also simultaneous K-and L-shell vacancies were produced. These were observed in the energy spectrum of Auger electrons as peaks in the 700-800-eV region. I t was found that higher beamparticle velocities produced stronger lines in this region so an energy near the upper limit of our accelerator (300 keV) was selected. The spectrum is shown in Fig. 3 with the strongest lines identified. Some of the weaker lines were more distinct in other trials under different conditions.
The energy scale in this region was calibrated with an electron gun with an accurately known cathode voltage. No correction was made for the work function of the cathode material. However, by extrapolating to zero pressure the energy scale of the neon spectrum was corrected for the source potential due to space charge formed around the beam. The energies determined this wav are believed to be accurate to 0.5 eV. All of the meisured transition energies are within 0.2 eV of those measured by Korber and Mehlhorn4 and therefore are not listed here. In Table I1 we list the relative intensities of our lines and compare with the electron-impact data. One would expect to measure different cross sections for excitation of a given state by electrons and by protons. However, once that state is excited the relative probabilities of its decaying to various final states should be independent of the excitation method. This is found to be only approximately true on the basis of the data available. Whether the departure from this expectation is due to experimental inaccuracy or to something more fundamental is not yet clear. I t is obvious from the data that protons are much more effective than electrons in producing double vacancies in the energy range used in the two experiments (see Table 111 ). The major features of the Auger-electron spectrum from proton impacts were totally absent from the spectrum produced by 200-keV Nef impacts. Instead, there appeared two very broad peaks at 750f 10 and 645f10 eV. The widths of these peaks were about 60 eV when measured with an analyzer resolution of 10 eV. The lower-energy peak is the Doppler-shifited version of the former. These were first observed by Kessel, McCaughey, and E~e r h a r t ,~ who interpreted them as being due to KLL Auger transitions. However, since the largest of the KLL peaks (the 804-eV transition to a ID final state) is missing in the Ne+-Ne work, we feel it is more likely that this is an unresolved group of many transitions from multivacancy states. The fact that two-, three-, and four-times ionized neon is seen in the products of such collisionsg lends support to this interpretation.
